On single crystals of NaAlCl4 the NMR-and NQR-spectra of 23 Na, 27 Al, and 35 C1 were studied at room temperature. The crystal structure of NaAlCl4 has been refined. A comparison of the NMR (NQR) data with the crystal structure data shows that the electric field gradients (EFG) at the chlorine sites are mainly determined by the partial covalency of the Al-Cl bond, whereas the EFG at the aluminum sites is determined by the small deviations of the A1C14® ion from tetrahedral symmetry and by the influence of the lattice. | e 2 q Q/h ] ( 23 Na) proves the dominant ionic character of sodium in the lattice. The experimental results for the crystal structure show minor deviations from Baenziger's data.
I. Introduction
The nuclear quadrupole interaction of an atomic nucleus in a solid depends on its nuclear electric quadrupole moment eQ and on the electric field gradient tensor V created by the electric charges around the nucleus. Thus it is a function of the electric charge distribution Q (x, y, z) within the solid. Studies of the nuclear quadrupole interactions may therefore provide an understanding of the nature of the chemical bond in solids. Single crystal experiments are preferable because the nuclear quadrupole interaction is a tensor property and thereby complete information can be obtained. NMR and NQR investigations are a convenient experimental basis to study nuclear quadrupole interactions in solids.
The results of single crystal studies of "ionic"' solids are often interpreted within the framework of a simple point charge model or an extended point charge model, the latter one including also the influence of electric multipole moments on the electric field gradient. A rather ideal situation is present if each element of which the lattice is composed contains an isotope with a nuclear quadrupole moment unequal zero. In addition, the isotopic abundance should be high to make the NMR (NQR) experiment not too difficult. In such a case one should be able to test the charge distribution model quite satisfactorily.
Sodium tetrachloroaluminate, NaAlCl4 , is a compound which satisfies the condition to be a "total spin system". Each of the natural abundant nuclei ( 23 Na, 27 A1, 35 C1, 37 C1) has an electric nuclear quadrupole moment and the abundance of these nuclei is high. Therefore, this substance seemed to be a good example to test the extended point charge model. For a chemically similar system, NaBF4 , a combined X-ray and NMR (NQR) study was done a few years ago 1 .
To deduce a model for the charge distribution from a study of the nuclear quadrupole interactions in solids it is necessary to know the crystal structure. Therefore, our NMR and NQR studies have been accompanied by a refinement of the known crystal structure of NaAlCl4, which was determined some time ago by Baenziger 2 .
II. Experimental

Crystal Growth
Large single crystals had to be produced for the NMR experiments. The crystals were grown by a zone melting method. The phase diagram of the system NaCl-AlCl3 has been investigated and described by several authors [3] [4] [5] . According to the work of Kendall et al. 3 , Chretien and Lous 4 , and Fischer and Simon 5 , the stoichiometric compound NaAlCl4 melts dystectically at 7 1 «152°C. The solidus curve rises steeply with very small concentrations of NaCl above 50 at % towards the melting point of NaCl (803 °C). In the phase diagram at 50.5 mole% NaCl an eutectic point is present.
NaAlCl4 was prepared by melting a mixture of pure anhydrous aluminium chloride and reagent grade sodium chloride within an evacuated glass apparatus at I« 180 c C. The sodium chloride was in slight excess to the stoichiometric ratio (1:1). Because of the steep rise of the solidus curve near 50 mole % A1C13 , the resulting melt had nearly the wanted composition at this temperature. The melt was poured within the closed system into a glass ampoule where it crystallized. The polycrystalline solid NaAlCl4 was then put into a teflon boat (width = 40 mm, length = 320 mm), which was placed into a glass tube. This procedure was done within a glove box which had been carefully dried with P205 . The glass tube containing the teflon boat and the substance was evacuated and sealed. Then the boat was brought into a horizontal zone melting apparatus and the sample was purified by zone melting. When the substance had passed the melting zone about five times, single crystals of several cm length grew from the melt (crystallization speed = 0.2 mm/h). Well developed single crystals of 1 to 2 cm 3 size have been obtained in this way 6 ' 7 .
The single crystals were isolated, transferred into glass cylinders, and sealed therein with polyester resin. A filling factor of 0.5... 0.7 was reached within the oscillator coil by this method. In some cases the crystals were doped during the growth with about 0.1% Fe 3+ ions to lower the relaxation time during the NMR experiments (NaFeCl4 is isomorphous to NaAlCl4 8 ). For the X-ray work samples free of iron were used.
X-Ray Investigations
The lattice constants of NaAlCl4 were determined by the Debye-Scherrer-Guinier powder technique. For the refinement of the crystal structure an automatic two circle X-ray diffractometer (Stoe) was used. The data were collected on the basis of the Weissenberg equi-inclination method with monochromatic (LiF) CuKa-radiation. The crystal was a small prism of irregular shape with an approximately triangular cross section of ca. 0.4 mm mean diameter, [100] extending in the direction of the prism axis. The diffractometer was run in the OJ scan. Eleven layers (h k I), h = 0,..., 10 were taken with [100] as the rotation axis. Appropriate corrections for the Lorentz-polarization factor and the absorption were applied.
NMR and NQR Experiments
The NMR spectra of 23 Na and 27 Al in NaAlCl4 were investigated by taking rotation diagrams. The three main crystal axes [100], [010] , and [001] were used in turn as the rotation axes, which are perpendicular to the external magnetic field H0. Fields H0 in the range of 11 to 14 kOe were applied. The crystals, which were enclosed in glass envelopes, were affixed to a goniometer head and adjusted by means of Laue X-ray diffraction diagrams. They were transferred from the Laue camera to a one circle goniometer 9 which was fastened to the base of the magnet.
An error of +1.5 angular degrees is the mean error in our X-ray and optical adjustment of [100], [010] , and [001] perpendicular to H0. A further minimization of the error in the adjustment of the crystals was achieved by using the symmetry properties of the NMR spectrum. An overall angular error resulted which was well below 1 degree.
To study the NQR spectrum of 35 C1 in NaAlCl4, the same geometrical set-up for the crystals was used. For all the NMR and NQR experiments at room temperature a wide line NMR spectrometer, Varian Type V 4200 B, has been used. Also the 35 C1 NQR Zeeman spectra were studied with the wide line spectrometer using magnetic fields of the magnitude 0 H0 200 Oe. The pure NQR spectra at 77 K were recorded with the aid of a superregenerative Dean-type NQR spectrometer. Single crystal NQR-Zeeman spectra were recorded by using the same magnet as for the wide line NMR spectra of 27 A1 and 23 Na. The magnitudes of the small magnetic fields necessary for the Zeeman spectroscopy of 35 C1 in NaAlCl4 were determined with the aid of a proton resonance meter and/or with a Hall probe. Using the remanent magnetization of the wide line magnet very stable fields in the order of 50 to 100 Oe were generated.
III. Results
Crystal Structure Data
From Guinier powder photographs the following lattice constants were determined at T = (22 ± 3) °C: a = (10.331 ±0.002) Ä ; b= (9.905 ± 0.002) Ä ; c = (6.189 ± 0.001) Ä.
Assuming 4 formula units within the unit cell, the density calculated from the X-ray data is: Qx -2.011 g/cm 3 . This compares favorably with the pycnometric density £*exp = 2.013 g/cm 3 as determined by Chretien and Lous 4 . Baenziger 2 determined the lattice constants as: a = 10.36 Ä, b = 9.92 Ä, c = 6.21 Ä; ox = 1.996 g/cm 3 . Since NaAlCl4 crystallizes with the space group D| -P212121, all atoms occupy the general point position. Hence, 18 position parameters and 36 anisotropic temperature parameters had to be determined from the 514 independent reflections observed in the experiment. The absolute values of the experimental and calculated structure amplitudes were compared (the data are given in Table A) . A weighted R-value of 0.079 is obtained.
The results of the least squares refinement are listed in Table 1 . The improvement in the structure parameters due to the refinement is reasonable. 23 Na and 27 
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For the presentation of the experimental NMR results, we shall briefly introduce a few concepts. The magnetic field H0 was applied in turn perpendicular to the crystal axes [100], [010] , and [001] . A system of axes x, y, z, connected with the electric field gradient tensor V is introduced. According to the crystal structure, this system may be different with respect to the crystal axes for each point position. A second coordinate system x, y , z , is determined by the external magnetic field H0 , H0 and (zy) are coplanar.
Finally, a third coordinate system x", y", z", is defined by the main axes of the orthorhombic crystal system: x" || [100]; y"||[010], z"||[001]. In Fig. 1 the coordinate systems and their interrelations are shown.
In the case of 23 Na and 27 A1, first order perturbation theory is sufficient to evaluate the nuclear quadrupole coupling constants from the experimen- tal data. According to Volkoff et al. 10 the frequency splittings are determined by the relation
where a x " is the rotation angle in the plane {y", z") with respect to the rotation axis x". The phase of this angle a x " is fixed by the constant A x " . The coefficients of Eq. (1) are defined by the relations: where 3e(?(2m-l) 2 7(2 7-1) h (5) In Eqs. (1) - (5) the constants are defined as: e = charge of electron, Q = nuclear quadrupole moment, 7 = nuclear spin quantum number, m = magnetic quantum number of the spin, h = Planck's constant. The coefficients At, Bt, C;, are not linearly independent. The following relations are valid 10 :
Our coordinate system is chosen in such a way that one of the axes
is in turn the rotation axis x . By cyclic permutation, using x", y", and z" as the rotation axis x , the components of the electric field gradient tensor (EFG) with respect to the crystal axes are found.
Due to the small difference in the gyromagnetic ratio of 27 A1 and of 23 Na, respectively, the NMR spectrum at ^ 11.5 kOe is fairly crowded with lines in the frequency range 12.2 MHz < v< 13.3 MHz. In Fig. 2 such a spectrum is shown as taken from the chart recorder.
The experimental results of 23 Table 2 the coefficients as determined in this way are listed. 
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Cy" With the aid of these coefficients and with Eqs. 2 'A1 (in the frame of the crystal axes system x"', y", z") follow. Together with the appropriate combinations of signs they are given in Table 3 .
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Using an appropriate computer program the tensors K • Vi"j" were diagonalized, yielding the new nuclear quadrupole coupling tensors Vy ( 23 Na) and Vij( 27 A\), appear with four possible combinations of signs (a, b, c, d). These combinations correspond to the four crystallographically equivalent positions of Na and Al, in the space group P212121. As in other investigations [11] [12] [13] of this kind, two tensors of different magnitude and orientation can be calculated from the frequency splittings for 23 Na as well as for 27 A1. We decided between the possible tensors by determining the maximum frequency splitting for 23 Na and 27 Al experimentally and by comparing experimental and calculated values of Av.
The first order perturbation theory of Volkoff 10 as applied to the NMR investigation of 23 range the splitting of 675.5 kHz found for a particular orientation of the crystal at H 0 = 13.430 kOe did not change more than ± 1 kHz by varying H 0 within the limits given above, a shift which is within the limits of error. Therefore, the theoretical approximation used is appropriate for 23 Na as well as for 27 A1 in NaAlCl4.
NQR of 35 Cl in NaAlCl A
Of the two isotopes 3o Cl and 37 C1 mainly the NQR signals of 35 C1 were studied. Since the four plication of an external magnetic field H0 . Evans and Lo 14 have investigated the 3o Cl NQR spectrum of polycrystalline samples of NaAlCl4 at room temperature («24°C) and their data are in good agreement with the data we found at T = 295 K + 1 K (22°C±1°C). The room temperature data were also confirmed recently by Merryman et alii 15 . In Table 5 our experimental results are given together with the 37 C1 NQR frequencies. These data were measured using single crystals of NaAlCl4 and a crossed coil spectrometer. The 33 C1 resonance frequencies were studied as a function of the temperature with a superregenerative NQR spectrometer. The results are shown in Table 6 and a plot v = f(T) is shown in Figure 6 . The mean slope of the curves v = f(T) is given too, together with the mean temperature coefficient 1/vAv/AT for the temperature range 77.4 K <^7* ^ 305 K. From the data of Table 6 and from Fig. 6 it follows that according to the temperature behaviour of the NQR frequencies there are two groups of CI atoms distinguishable. Whereas (1 fvAv/AT) 12 Zeeman spectra were studied to determine the nuclear quadrupole coupling constant of 35 C1 in NaAlCl4, the orientation of the nuclear quadrupole coupling tensor of 35 C1, and the asymmetry parameter 7]. The NQR frequency ^Q for the transition m = ± 1/2 m = ± 3/2 for a nucleus with 7 = 3/2 is connected with the nuclear quadrupole coupling constant and the asymmetry parameter t] by Vq= -2/t1
1+ T] -~2T Q '
First order Zeeman splitting of ^Q by weak magnetic fields gives four lines which in the frequency scale are symmetric about the locus of VQ . The frequencies of the four lines are given by 17 : In the experiments reported here the line splitting of the inner pair of lines (a-pair)
was measured as a function of the rotation angle for the four crystallographically inequivalent CI atoms at room temperature. To study the Zeeman spectra (a-pairs) of C1A , C1B , and Clc , the single crystals were rotated about the crystal axis [001], whereas for the study of Av (Clp), [100] was the rotation axis chosen. The results are shown in Figs. 8 through 11. Using a least squares program from the Zeeman splitting of the 35 C1 NQR spectra the data of the nuclear quadrupole coupling tensors of 35 C1 in NaAlCl4 are found (see Table 7 ).
The assignment of the NQR data for C1A...D to the chlorine positions C1I...IV was done in Table 7 under certain assumptions about the chemical bond CI -Al (see Discussion). The errors given in Table 7 for the nuclear quadrupole coupling constants of 35 C1 in NaAlCl4 have been calculated by the usual least squares method. However, we wish to point out that for the data given in this Table, for CI^ = Cli the true error may be higher by almost a factor of 4. This is due to the accidental coincidence of the two phase shifted Zee- Table 7 man spectra of C1D , which differ by an amount less than the line width and therefore cannot be separated. 
IV. Discussion
The discussion of the NQR data of NaAlCl4 with respect to the crystal structure is restricted here to the situation at room temperature. This restriction is however not severe, since from our NQR data we find no phase transition in the range 77.4 K T 305 K. For quite a number of compounds, i. e. Me I Me III X4, Me 1 = alkali-metal ion, Me 111 = B, Al, Ga, In, and X = F, CI, Br, I, phase transformations have been observed. Examples for the detection of phase transformations by NQR are the compounds Me T AlBr4 (Me T = Na) 18 , and Me T GaCl4 (Me T = Ga\ K) 19 . 35 C1 and 69 Ga NQR data on polycrystalline material of compounds containing the ion AlCl4 e have recently been discussed by Merryman et al. 15 ' 20 and for compounds containing the ions GaCl4 e and Ga2Cl7 e , respectively, by Deeg and Weiss 19 ' 20 ) . From single crystal data more detailed information is expected.
The Al -CI distances within a tetrahedron A1C14 G are between 2.11 and 2.16 Ä according to the crystal structure determination of Baenziger 2 . From our refinement a somewhat smaller spread of distances results (2.121 A <: d(Al-Cl) ^ 2.144 Ä), see Table 8 . An analysis of the data of Table 8 shows that the mean distance (d(Al -CI)) within a tetrahedron AlCl4 e is 2.134 A± 0.013 Ä. The spread of the values d(Al-Cl) is within the limit of error ( ± 0.025 Ä), whereas the deviations of the CI -CI distances within the tetrahedron [(d(Cl -CI)) = 3.483 ± 0.080 Ä] are larger than the limit of error (± 0.025 Ä). The main distortion of the tetrahedron A1C14 0 is therefore an angular one. Particularly the angle (Cim -AI -Cliv) is smaller than the regular tetrahedron angle of 109' 28" by about 4 degrees, whereas the error in the determination of the angles via the atomic coordinates and the lattice constants is ± 0.5 degrees.
No qualitative relation between \e 2 qQ/h \ ( 3o Cl) and the bond length d(Al -CI) can be given from the results of our experiments. The spread of the coupling constants is small as is the spread in bond length d(Al -CI). A similar conclusion was drawn by Merryman et al. 15 frequencies of tetrachloroaluminates and the bond length d(Al -CI) in these solids. The first coordination sphere of the ion Na® in NaAlCl4 is built up by 7 ions which are within 2.811 Ä ^ d(Na-Cl) <; 3.301 Ä; the next CI neighbor (the 8th) is then already 3.74 Ä distant from the ion Na®. It is probably safe to consider the bond of the sodium to its neighbors in NaAlCl4 as a purely ionic one, since the smallest distance d (Na -CI) in NaAlCl4 is comparable with d(Na® -Cl e ) in NaCl (d = 2.820 Ä at room temperature) . The nuclear quadrupole coupling constant of 23 Na in NaAlCl4 is typical for an ionic corn- pound. This can be seen from data found for other ionic compounds as shown in Table 9 .
From the single crystal measurements reported here, the additional information is a set of direction cosines of the EFG tensor and the asymmetry parameter rj for each of the atoms in the unit cell. Applying this assumption to the EFG at the site of 27 A1, a qualitative comparison with the experimental data is not possible.
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In a first approximation, the ion AlCl4 e is a tetrahedron, and then from symmetry considerations it follows that the intraionic EFG at the Al site is zero. The nuclear quadrupole coupling constant found in the experiment is therefore due to a) the slight distortion of the tetrahedron which disturbs the total compensation of the intraionic components of the EFG, and b) the external charges (rest of the lattice), the crystal field.
Preliminary calculations of the EFG at the sites of 27 A1 ions based on a multipole model have turned out to be insufficient to explain the magniUde and orientation of the EFG. Extensive calculations are probably necessary to solve the problem.
Considering the EFG at the sites of the chlorines the Al -CI bond is determining the orientations of the EFG tensors. In Table 10 the angles between the crystal axes and the bond directions Al -CI are compared with the angles between the crystal axes and the directions of the z-axes of the 35 C1 EFGs. It can be seen that the main axes V zz are collinear with the bond directions Al -CI within the limits of error.
The asymmetry parameters rj found for 3o Cl in NaAlCl4 are in the range 18%<^^32% and the coupling constants \e 2 qQ/h ( 35 C1) are between 21.6 MHz and 23.0 MHz. The rather small spread in Vzz is in accordance with the small deviations of the bond lengths Al -CI from the mean values (c?(Al -CI) = 2.13 ±0.01 A). The spread of r) is considerable. It is due to the influence of the external charges on the EFG tensor, to the interactions between the CI ions within one A1C14 0 tetrahedron, and to the anisotropic thermal vibrations of the CI ions.
While the orientations of the EFG tensors with respect to the crystallographically equivalent sites of the atoms are resolved for the chlorine atom in NaAlCl4, the questions remain open for the sodium and aluminum in this lattice. Extended lattice summations on the basis of a multipole model will be done and should be helpful to solve the problem quantitatively.
